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T h i s  interim report, on the  RuUson Project, covers the  casing 
emplacement and cmenting operations on the  Austlal Oil Co.'s Number 
25-95 A Hayward Well i n  Garfield County, Cololado. A s t r ing  of 10-3/4" 
casing was placed t o  a t o t a l  depth of 8701' and cemented i n  three stages. 
Cament quality was verif ied by the  use of an acoustic bond log and a 
density log. 

The package envelope, 5.2' long and containing boron carbide i n  i ts  
annulus, was included in the  10-3/4" casing string so aa t o  be i n  the  Mesa 
Verde Section a t  8442-1/2'+. Inside the 10-3/4" casing, the  cement was 
drilled out t o  a depth of 10-1/2' below centerUne of the  boron carbide 
envelope. This t o t a l  depth was confinned by wire l i n e  measurements, and 
a casing col lar  locator, t o  be 8453'9. 

A 900 CFM a i r  compressor was used i n  conjunction with gas l i f t  valves, 
appropriately placed in a s t r ing  of 2-3/811 tubing, fo r  t h e  removal of a l l  
fluid frcxn the  10-3/4" casing. Dryness of the casing was tested by dumping 
a 100# sack of micro-cel in t h e  annulus between 2-3/8" tubing and 10-3/411 
casing and observing t h e  dust ejected fram the  HBlooieu l ine .  

Strength of t h e  cement plug i n  the  10-3/4~ casing, a t  8453'*, was 
tested by an applied load of 84,000#. Diameter unifolmity and casing 
straightness were checked by running a 9" diameter, 15 '  long mandrel t o  

I 

the  t u t a l  depth of 8453'". Dryness was double checked by a bai ler ,  f i l l e d  
with sample sacks of micro-cel, run on sand l i n e  t o  8453'". Smoothness of 
the  cement top in the  casing was inspected by a 911 diameter lead impression 
block with 20,000# app3ied pressure. 

I 

~ A l l  t e s t s  were favorable and acceptable t o  participating parties. 

* Wire Une  measurments ueed zero a t  kel ly bushing. Ground l eve l  i s  
15.5' below K.B. 



A t o t a l  depth. of 8701' ( d r i l l  pipe measuranmts) was attained on 
January 18, 1969. The drilling mud waa circulated three  hours i n  p r b  
paration f o r  a su i t e  of opm hole logs. A gamm m y  neutron, caliper, 
multi-shot direct ional  survey, and compensated density logs were cam- 
plated on January 21. Immediately  following t h e  logging operstion, a 
t r i p  was made t o  t o t a l  dapth. 

Eight f e a t  of sof't fJU was detected on bottom. The mud was cir-  
culated f o r  four hours. A precaution of pulling t an  stands of driu 
pipe, establishing circulation than returning t o  t o t a l  dapth and again 
establishing circulation, was followed. Mud and hole conditions were 
found ready t o  accept 10-3/41' casing. The drSll pipe was pulled from 
t h e  hole and preparations were made f o r  using t h e  Joint analyzed casing 
make up. 

The casing equipment, Iamb, Inc., was rigged up f o r  J.A.M. operation. 
Eight turns and 7500 foot pounds of torque were set on t h e  ccanputer tha t  
was t i e d  i n t o  t h e  power tongs. A recording was made of each joint a s  the 
connection was made. Baker WK was used only f o r  t h e  shoe joint and f l o a t  
joint make up, whereas t h e  special  compound provided by Iamb, h c .  was 
used on a l l  additional coUar and joint  connections. 

Casing emplacement was i n i t i a t e d  a t  2200 hours, Januarg 21. The 
casing s t r ing  make up is  shown in Chart #1 with t h e  excsption t h a t  t h e  
two top joints  a r e  S-95 - 55.5# pipe. 

CHART I 

Interval Weight 

0 - 2500 Ft. 51# 

2500 - '3500 Ft. 51# 

3500 - 4700 Ft. . .  51# 

Tspe Casing Amount 

N-80 2500 Ft. 

J-5 5 1OOO Ft. 

N-80 1200 F't. 

P-llo loo0 Ft. 

s-95 800 Ft. 

s-95 2XX) Ft. 



Ruff coated casing was ,placed i n  t h e  in te rva l  8049.42' t o  7618.87 I*. 

The casing shoe was  set a t  8701*. with 10,000 lbg . of weight. A f l o a t  
c o m r  was placed at  8652.401*. Af'ter some modification, a baf f le  p la t e  
was se t  a t  8609.34'*. The lower DV t o o l  was set a t  7358.37'* and a second 
DV t o o l  was set a t  1024.98'*. The center l i n e  of t h e  boron carbide con- 
t a ine r  was placed a t  8450.08l*. A distance of 1091.711* was noted b& 
tween the  lower DVtool and boron carbide container. Distance t o  be 
dri l l ed  from lower DV t o o l  t o  10-1/2' below center l i n e  of boron carbide 
envelope was l102.ZL1*. CentraJAzers, when placed, were positioned 10 '  
t o  15 below the  col la rs  except a t  DV tool ;  then t h e  spacing in terva l  was 
the  middle of th,e Joint (see Chart #2 f o r  all central izer  depths*). 

Casing shoe was placed t o  a t o t a l  depth of 87011* on Januarg 22 a t  
2100 hours, kdth drill pipe measurements and casing measurments i n  
agreement. Casing measurerments were made on the  rack. Mud was circu- 
la ted  through t h e  casing shoe f o r  f i v e  hours p r io r  t o  camenthg t h e  f i r s t  
stage, during which time the  cement computations were double checked and 
the  operating plan was outlined. 

The f i r s t  stage of cement would be t h e  shoe stage. Cement was t o  be 
pumped through t h e  casing shoe i n  suf f ic ient  quantity so a s  t o  reach 60001 t? 

in the annulus between the  10-3/411 casing and open hole. A safety pre- 
caution was provided by placing a DV t o o l  a t  735B1*. Remedial action 
could be taken through this lower DV t o o l  should problems develop on the  
f i r s t  stage. Twlo additional precautions were observed. The mud tanks 
were measured and marked, and two cementing trucks would be pumping while 
t h e  t h i r d  truck would monitor t h e  mud during mixing  & displacanent oper- 
ations. 

A second DV t o o l  was. set at 102S1* f o r  cementing t h e  10-3/411 casing 
from 1025' t o  t h e  surface. 

Ceqent volumes as determined by Austral and' Dowell f o r  annulus f i l l  
up plus a 100' height in the  casing was computed as  1837 sacks of expanding 
cement - chem. c q .  - U.l#/Gal. - yield 1.5 Cu.F%/sack - with additives 
of 12.5 lbs.  of Kolite per sack of cement and 3/10 of 15& D74.R. Allotment of 
cement t o  volumes was as follows ; annulus outside casing frcm 8701' t o  6000 I ,  

1707 sacks o r  2560.5 Cu.Ft.; volume ins ide  casing f r o m  ba f f l e  p l a t e  t o  casing 
shoe, 30 sacks o r  45 Cu.Ft.; volume ins ide  casing: from top of cement t o  baf-. 
f l e  plate,  100 sacks o r  150 Cu.Ft. 

* Measurements ware made on casing while racked, vdth the  K.B. as 
'zero reference. 



> .  , 
Cement Stage #1 

The first stage of cement was in i t ia ted  on January 23 a t  0400 hours, 
with the  plug down a t  0615. A l l  first stage annulus cenent was placed 
t h r o w  the casing shoe d t h  10 bbls. l o s t  during cementing. Since the 
lower DV t oo l  was not needed, a bcanb actuator wae used t o  open and im- 
m e d i a t e l y  close the  ceanent ports fo r  a safe Mll out operation. Six 
hours was sperrt waiting on cement. 

Ceanent Stage #2 

A bomb actuator was used t o  open the upper DV t oo l  and begin Stage #2, 
with circulation estabUehed for  three hours. Cementing the interval  1025' 
t o  the surface with 700 sacks of 15,8#/Gal. - 1% calcium chloride - yield 
1.U. Cu.F't. per sack, Class "Gfl cement was started on Januarg 23 a t  1310 
hours with the plug down a t  W O  hours. The plug closed the,DV tool  for  
safe drill out operation. A pressure of ;E000# was held fo r  five minutes 
and released. Mud returns were l o s t  when 47 barrels  or  264 Cu.F't. re- 
mained in displacement. Cenent r i s e  was calculated t o  be approximately 
234' from surface when the  formation broke. Eleven hours was spent w a i t -  
i ng  on cement. Stage two cement top was l a t e d  a t  677' by a tempera- 
ture surveg. 

Cement Stage #3 

Stage two cement top was tagged with 1" tubing a t  682' in d u s  
between 10-3/411 casing and 16" casing. The mud was displaced with water, 
using the 1" tubing. Cement Stage #3,. 0 - 682.1, was accomplished through 
one inch tubing. A t o t a l  of 425 sacks of 15.8#/Gal., yield l.U CU.F~./ 
sack, 2$ calcium chloride, Class uG1l cement was used. A minimum of 25 
sacks' were circulated. The th i rd  stage was started on January 24 a t  1250 
hours and completed a t  1330 hours. Seven and one half hours was spent.waiting 
on cement, during which time the  casing hanger was instal led - dropped 
s l ips  - cut casing - removed blowout preventer and instal led tubing head. 

The upper' DV t oo l  a t  1025' was drilled, out and circulation estab- 
Ushed from t o t a l  depth of 1060'. A temperature. survey was run f m  the  
surface t o  7353l*. 

. Temperature of mud in interval (0 - 1060') was not allowed time t o  
reach cement temperature a f t e r  circulation. The second cement stage, 
which covered the in terval  1025' t o  682', was recognizable by tanpep 
ature r i s e  immediately below circulated zone and temperature decrease 
fram 1800' t o  1850'. A normal gradimt was experienced from 1850' t o  
6130' where a sl ight  increase i n  gradient i s  evident with t h e  cement 
top of Stage #1 indicated a t  6aO' .  It was notable that the cement top 
on this nrst stage could be deteirted a f t e r  an elapsed time of 52 hours. 

The lower DV t oo l  a t  7358' was dri l led  out and the cement top in- 
side casing w a s  found a t  8238' ( d r i l l  pipe measurement). T h i s  was U' 
higher than calculations indicated. Canent w a s  dr i l led  out t o  a point 
estimated a t  5 '  below center Une of boron carbide envelope (drill pipe 
measurements ). Circulation was continued for  two hours pr ior  t o  p u U n g  
the  drill pipe frcun the  hole (pipe, strapped in and out of hole). 

9 Measurements were made on casing while racked, k h  the  K.B. as 
zero reference. 



. . 
A density log, an acoustic cement bond log, and a casing co l l a r  

log were completed on January 26 as a check on t o t a l  depth and cement 
integri ty .  The boron carbide container, casing collars,  and t u t a l  depth 

I were ident if ied from t h e  casing co l l a r  log and verif ied by t h e  density 
and acoustic cment bond log. It was decided tha t  the  total depth of 
10-1/2' below the  center l i n e  of the  boron carbide envelope could be 
attained by drilling two feet deeper. Additional footage was dr i l l ed  
on January 27 and t h e  d r i l l i n g  mud was displaced with water before 
p u ~ r  out of the  hole laying down d r i l l  pipe. 

Two hundred seventy joints  of 2-3/81' tubing was placed i n  the  hole 
with gas lift valves ins t a l l ed  a t  8422.5!j1, 8010.47l, 7192.95', 6412.U1, 
5595.85', 4714.611, 3715.03l, 2716.94' and U69.52' (tubing measurements). 

A Dresser Magcobar 900 CFM air compressor was placed i n  operation 
on January 28. Air (860 p s i )  was injected i n t o  annulus between the  tubing 
and 10-3/40 casing. Continuous a i r  inject ion was used January 28, 29 and 
30. The llE?Looiell U n e  exhaust indicated the  casing was dry a t  1800 hours 
on January 30. Drying operations were continued u n t i l  2 l O O  hours. A 
check on moisture content was made by dumping a sack of micro-cel in the  
annulus between t h e  tubing and casing with dust soon seen i n  t h e  I1Elooief1 
l i n e  exhaust. A second check was made f o r  possible water by running a 
casing col la r  locator,  wllth a short-out switch on bottom, ins ide  the  
2-3/81! tubing t o  t o t a l  depth. No water was detected. Tubing was pulled 
from hole and l a i d  down. 

A t h i r d  check f o r  possible moisture was made by f i l l i n g  a m e t a l  bas- 
ket (5'  length of s lo t ted  7" casing) with sample bags of micro-cel and 
lowering t h e  basket t o  t u t a l  depth on t h e  sand line,. No water was de- 
tected. 

A mandrel 9" i n  diameter and 15 '  long was  run on t h e  sand l i n e  t o  
t o t a l  depth as a .check on the  d r i f t  of t h e  casing. No t i g h t  spots were 
indicated . 

An open end d r i l l  co l l a r  (9" diameter) with additional d r i l l  co l la rs  
and drlll pipe were used t o  apply 84,000# load on cement i n  casing. Sup- 
port properties of t h e  cement were satisfactory. Some asphalt sediment, 
probably KoUte f r m  the  cement, was removed from the  hole by the  
open end d r i l l  col lar .  

A 9" diameter lead impression .block was run  t o  t o t a l  depth f o r  a 
check on smoothness of cement. Results obtained were qui te  sat isfactory 
with an applied load. of 20,000#. 

A barre l  was  pl+ed over the  casing preparatory t o  ins t a l l ing  a 
blanking flange. 

The logging, casing running and cenenting operations, conducted 
a f t e r  t o t a l  depth had been reached, were witnessed on a continuous basis  
by F&S d l i U i n g  and logging engineers. We a r e  of t h e  opinion t h a t  this 
was a well planned operation executed in a workmanlike manner by comp* 
t en t  technical personnel. 



CHART 2 

Approxlm8td A t t a b n t  Points 
(not msasured) 

1. Baker U K  pins used t o  attach the hinged centralizers t o  the casing. 

2. Depths appro-ted fmm casing measuranants. 

I 

Number Depth ' kmber Depth 



CO~~PUTATIO~S 

STAGE #1 - 6'701 t o  6000' 

~ a t ' a l  Volume In Cubic Feet 

Total Open Hole Volume 4099.23 Cubio Feet 
Less 10-3/41) Volume - 1765.47 Cubia Feet 

Annulus To Be Cmmt Pllled 2333.76 Cubic Feet 
Plus ID% + 234.00 

(kxnputed Cement Volume 2567.76 Cubic Feat 

Cenmt Used 2560.5 Cubic Feet 



CEMENT COkiPUTATIONS 

STAQ3 #2 - Surface t o  1025 ' 

1. Volume 0 '  - 800' 
15 1/4" Mameter (I .D.  of 16" casing) + 10U.72 Cubic F e d  

2. Volume 800' - 1025' 
1 6 ~  Diameter Open Hole + 3U.17 Cubic Feet  

Total Volume 1328.89 Cubic Feet 

3. Volume 0' - 1025' 1 

10-3/4" Casing Msplacemmt - 646.06 Cubic Feet 

4. Computed Volume of Cement 
Required fo r  Annulus 0 '  - 1025 682.83 Cubic Feet 

Add 10% 68.3 Cubic Feet 

5. Total Volume of Cement Required 

6. Cment Used - 700 Sacks, - 15.8#/Ge.l. 
Slurrg Yield of 1.U Cubic Feet Per Sack 

7. Mud returns l o s t  when 47 Bbls. displacem~lt  
remained for  plug t o  be down. 

47 bbls. = a64 Cubic Feat 

8. Computations for  height of cement in 
annulus a t  the time of l o s t  mud returns. 

7%.13 Cubic Feet 

798.00 Cubic Feat  

T o t a l  Volume Ceunant Used 
Volume of Cement Not Displaced 

798 Cubic Fget 
' - 264 Cubic Feet 

Volume of Canent i n  Annulus 

Annulus Volume 800' - 1025' 
Annulus Volume 234' - 800 ' 

534 Cubic Feet  

172 Cubic Feet 
362 Cubic Feet  

534 Cubic Feet 

I 9. Computed Cement Rise in Annulus at the  'Mms 
of Formation Breakdoun. 234' From Surface 



10. Cement top found with tanperaturn survey a t  677 I 

i n  annulus. This was confirmed with 1m tubing 
measur anant s . 

31. Computations for cement volume i n  annulus outside 
10-3/41( casing below the  DV t o o l  a t  1025 . 

volume of Ceaneat Fxwn 677 ' - 800' 
Volume of Ca~nent Fran 800 - ,1025 ' 

T o t a l .  Volume of Cement Used 
stage #2 

12. Volume of cement below, DV t o o l  and outside 
10-3/4" casing. 

13. Temperature Ing indicate8 possible canent 
t o  1850'. 

U. Volume of annulus outside 10-3/4" casing f r o m  
1025 ' - 1850 ' . 

79 Cubic F e a t  
1'72 Cubic Feet 

- 251 Cubic Feet 

+ 798 Cubic F e e t  

547 Cubic F e e t  

369 Cubic Fee t  

15. It i s  concluded that  apparently same camant 
went into t h e  ionnation. 



STAGE #3 - Surface to 682' 

1. 0 - 682 - (682 x -6381) - 435.18 Cubic Feet 
Annulus between 

10-3/4" casing and 1611 casing 

Plus lo$ 43.50 

478.68 Cubic Feet 

2. Used 4.25 sacks - 1.Uyield = 
and circulated cement 



MUD TANK VOLUMES 

#l Tank 7 .lot x 36.40 = 3.8 bbls/inch 

UET CIRCUIATION ZONES D U R I Z  WEN HCU3 D R I U J N G  

Depth Fluid hst  

1342 ' 20 bbls. 

25 bbls. 6162' 

6430 30 bbls . 
6630 ' . 20 bbls. 

7028 ' 75 bbls. 

7473 ' 25 bbls . 



1 Jt. 

1 Jt. 
e. 13 Jts. 

10 Jts. 
6 Jts. 

21 Jts. 
21 Jts. 
29 Jts. 
30 Jts. 
29 Jts. 
26 J ~ S .  

23 Jts. 
2 Jts. 

212 Jts. 

CHART #7 

JOINT .-OWN 

Howco Tgpe F Guide Shoe 
10 3/4" CKl 55.5# 5-95 ST & C R-3 Casing 
Howco m e  F Float Collar 
10 3/4" 0 55.5# S-95 ST & C R-3 Casing 
10 3/41! OD 55.5# S-95 ST & C R-3 Casing 
10 3/41! OD 55-38 S-95 ST & C R 3  (Ruff-Cote) Csg. 
10 3/1+11 OD 55.5# S-95 ST & C R-3 Casing 
Howco DV Stage Collar 
10 3/4" (H> 55.5# ST & C R-3 Casing 
10 3/41t a fn# S-95 ST & C R-3 Casing 
10 3/41 OD a# P-ll0 ST & C R 3  Casing 
10 3/4!l OD 51# N-80 ST & C R-3 Casing 
10 3/4" CID !XL# K-55 ST & C R-3 Casing 
10 3/41! OD 51# N-80 ST & C R-3 Casing 
Howco Stage Collar 
10 3/41! OD 51# N-80 ST & C R-3 Casing 
10 3/b1 0 55.5# S-95 ST & C R-3 Casing 

T o t a l  
Less Casing Above KDB 

Casing set with respect to KDB 
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MWI'ISHUl' DIRECTIOMAL SURVEP 

1. R e a d i n g s  taken every 100' f r o m  8700' t o  surface. 

2. True vertical depth - appndmately 8700.9'. 

3. Calculated distance of the 8701' point is 41.2' N. 70" E. 
frnm surface antmce point. 

4. Calculated distance of the 800' poist. (Bottam of surface 
casing) is 19.3' N. 80.2" E. of uurf8~ee ant- point. 

A 

0, 
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I I 

41.2' l-4 
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CENTER LlNE OF CONTAINER 
8442.5: 

10.5 * 8453' 

. . 

COLLAR CHECK ABOVE 
CONTAINER 
8428.5: 

11.0 
4e439.s' 

. . 
. . - . ..' 

THlS ENVEWPE WILL HOUSE EMPLACEMENT PACKAGE 

SMOOTH CEMENT BOTTOM TO BE BELOW 
CENTER LlNE OF THIS ENVELOPE. 

*WIRE LINE MEASUREMENTS USING 
KELLY BUSHING AS ZEQO REFERENCE. 
GROUND LEVEL IS 15.5 BELOW 
KELLY BUSHING. 

ANNULUS 
HAND PACKED WITH 
BORON CARBIDE 
AND FLUID FILLED 

ANNULUS HAS 6 
VERTICAL METAL 
RODS FOR HYDROSTATIC 
PRESSURE SUPPORT 

WALL THICKFESS . 
APPROX. '/r 

A .  
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n curt orn 
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11. RULISON 

.:.. ' A .  Maximum Credible Accident 

1. ' Maximum Credible Flow 

Reference: Handbook of Nau t r a l  Gas Engineering by Donald L. Katz e t  a l . ,  
Published by McGraw-Hill Book Co. Inc . ,  1959-, ,Library of Congress 
Catalog Card N u m b e r  58-6686. 

. . The following ca l cu l a t ions  w i l l  assume a chimney of n a t u r a l  gas and a ' , . .  . 

cons t an t  doirn-hoie pressure .  A s i m i l a r  c a l c u l a t i o n  w i l l  be done assuming a 

chimney of. Gasbuggy gas .. ?t 1 
8.. Cookbook Method - 1 

Boundary Conditions: (nomenclature used included) 
. . 

Surface Chimney pressure  = 2430 p s i g  ., . . - 

I Chimney Pressure  = P, = 2840 p s i a  

Atmospheric Pressure  = Po=P2=10 -67 p s i a  

Chimney Gas ! k m p e r a t u ~  = T = 4 0 0 ~ ~  =860% 
Surf'ace lkmperature = To = 40°E' = 5 0 0 ' ~  

. Gas Gravity (preshot  from RE-X) = G = 0.634 ( a i r = l )  

Gas Viscosi ty  = = 0.019 cen t ipo i se  
(from Fig .  #4-106, p .  175 and Fig.  dy-107, p. 176) 

Surface Elevat ion = 8600 f t  

Depth of Wlrial of Explosive = DOB =. 8443 f t  

I Depth of Top of Chimney = 8067 f t  . 
Proposed Casing Schedule: In s ide  

From To Length = L Diameter = (D) 

5860' - Surf ace 5860 ' 6.969" 
5860 k7600' 1740 ' 4_.20" -. 

8067 467 / / 4  .75" (Ope -7600 ' n Hole) - 
L - - Proposed Production Tubing Schedule: 

Surface 8067 ' 8067 2 .92" 

Pipe l ine  Plow Equation - from p. 305 (assumes h o r i z o n t a l  pipe)  



Nomenclature f o r  new terms: 

Q = vo lmet r i c  flow ra te  in lo3 - s t andard  ft3/dsy , I  
Z0 = gas compressibility f a c t o r  a t  To + Po rl  

.. . . 
" I.. . I 

PC = pseudocritical = 670 p s i a  fm Figurn f i -22,  p. 112 I 
D = pipe inside diameter in, f t  

. . 

L = pipe length i n  ft . . 

. . . .  

f = f r i c t ion  fac to r  = from Figure R-3, p. 303 
P Pr = pseudo~duced pmssu2.e = - 

Values of the integrals  funct ions  dPr are'fmm Table A-6, p.'732. 

0 

5 .:: 1 A s  them are three diameters, an a r b i t r a r y  weighting. of t h e  D term by 46 . of.  
, , 

t o t a l  length for  each diameter w i l l  be made. I 
> 

6 -969 4.950 4.750 . I D  inches I 
I D  f e e t  - 0.5807 0.4125 0 - 3958 I 
$ of t o t a l  

length 72 -7 21.5 . 5 -8 

($>(D5) 0.04800 0.00257 0.00056 
Weighted (pipe Diameter)S = ~5 = 0.05113 

f = f r5c t ion  fac to r  - - an imperical* determined quant i ty  dependent on the  1 
Reynolds Nvmber (Re) f o r  the system and the r e l a t i n  p i d h o l e  mughness. . . I 
Reynolds Number: 1 



Q' = gas ' f l o w  i n  lo3 standard f t3/day 

= 280,000 (guess) 
d = pipe diameter i n  inches 

using the r e s u l t  o f  the weighted pipe (diameter)5 
. . d . ( 0 . 0 ~ 1 1 ~ ) ~ / '  = 0.5515 f e e t  = 6.618 inches ' . . . 

Relative .Roughness 
A s -  there are three roughnesses, an a rb i t ra ry  weighting of the -  

relative roughness by $ of t o t a l  l e n g t h  f o r  each roughness w i l l  be made. 
The f i n a l  resu l t  is n o t  too sensi t ive  to  the  f r i c t i o n  fac tor  f as it appears. , 

i n  the f i n a l  ~ s u l t  a s  f1l2 and f does not change by a f a c t o r  of 2 f o r  an order., . . .;- 
. . 

of magnitude. change i n  l e l a t i v e  roughness a t  R e  7 107. . .  .., . . 

Relative roughness of pipe = e / ~  . . 

e = roughness i n  fee t '  - f ram Figulle #7-5, p. 304. 
i 

D = diameter i n  feet 
. . 

D" 6.969" 4.950" 4 .75oW 
D ' .5807 .4125 I 3958 ' 
e .00015 . .00015 -01 (assume open hole similar 

t o  concrete pipe) 
e / D  .000258 .000363 -0253 
$ t o t a l  72 -7 21.5 5 -79 length . . 

( 4 )  ( . . e/D) .000188 .000078 .001465 . . 

. . weighted, e / ~  = 0.001731 . .  . .  . , 



' 8  

Pseudol~duced pressu= and temperature 

T, = pseudocri t ical  temperatule = 369% fram Fig. #4-22, p .I12 . . 

Pr,2 . .  . . 
P . . .  

. . : 

ZdPr z.9.19 P, dPr = 0, valties of in tegrals  *unctions ..'. ' , 

. . 
. . .  

are from Table #A-6, p. 732. . . 
. . . . 

[ 3"  = (1.247) (lo8) (5.144)(10-7)(9.19-0) 

= (1.24,7)(108)(2.174)(10-3) 

Q = 2.71 x 10' 103 standard ft3/day 

8 = 2.71 x 10 standard ft3/day 

,&. # Cookbook Method #2: 

Pipeline flow equation, from p.  306 (accounts f o r  change i n  elevation between 

i h u t  and ou t l e t  of pipeline) 

I "' 1 To 
0 = ( 3 *22) 



Nomenclature fo r  new terms: . ' 

Q = volumetric flow rate in, etandard ft3/hour a t  To,Po 

d = pipe inside dianieter i n ,  inches = 6.618 inches 

T, = average l ine temperature in  OR = 8 6 0 ~ ~  

za = average compressibility factor  = 0.987 
frm Table #A-2, p.  710, or Figure #-16, p. 106. 

X = change in  elevation i n  fee t  ' 

Le = effective length of pipeline in ,  miles 

= 2.54 x lo8 standard ft3/dW 

= 250 M MSCF'/dw 1 



. ' 
C . Cookbook - bottom hole pressure equation from p. 300. 

P1 = surface =himkey pressure = 2430 ps ig  . . . 

= 2440 ps i a  

It i s  assumed the gas i n  the back f i l l  is  i n  temperature equilibrium with the  

surrounding formation. Therefore, the  average temperature of t h a t  gas is assumed 

to be the  average of the surface tempratuxk and the preehot downhole temperatun?. 

Td = preshot temperature a t  8443 f t  = 2 1 6 9  

= 676O~ - 

. . 

p; = 6 7 0 p s i a  Tc = 369% 
.. . .  

assuming P2 = 2980 p s i a  

2440+2980 . . .Pa = average pressure = 2 

= 2710 ps ia  

I 2, = .816 fram Table #A-2, p. 710, o r  Figure j$4-16, p. 106. 

.. .. The downhole chimney pmssum given P2 = 2840 ps i a .  . ' 
, 

- - calc  
P2 The. pmssure  r a t i o  = 

. . 

X Since t h e  flow is proportional t o  there~wuld be no substantial change 

i i n  the p ~ v i o u s l y  calculated ma~~imum flow. 
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Pseudo reduced pressure 

degree of conformity t o  the theorem of corresponding 
' states must be considered. 

The P-V-T relations for methane-nitrogen mixtures 
were dctcrmined by Iceyes and Burks (4-55) and for a 
natural gas containing 8.5 and 18.8 mole % nitrogen 
by Eilerts, Carlson, and Mullens (4-30). Table 4-10 
gives the analyses of the natural gases, and Table 4-1 1 
gives a comparison of the compressibility factors com- 
puted from Fig. 4-16 and the reduced temperature and 
pressure, with the experimental valuea for these com- 
pressibility factors. The  cnlculnted compreaeibility 
factom are lower than the measured values by sbout 
2 per cent at the higher tempemturn and intermediate 

Fig. 4-16. 
tor mhwol 
Kot., CW. 

Compressibility factor t C gases. (Stonding and , 
couduy AIM.) 3 

pressures. The factore for the gases with nitro- 
gen nre lower on the average over the full range of 
temperature. 

Reamer, Olds, S a g ,  and Lncey (4-72) have meas- 
ured the compressibility of four mistures of methane 
and carbon dioxide from 100 to 460°F nnd u p  to 
10,000 psia, with data a t  100 and 280°F reproduced in 
Table 4-12. For gnses with 1 or 2 mole % carbon 
dioxide, the pseudocritical chart is reliable but, for 
higher percentngea, n correction may be necessnry aa 
indicrried by comparing computed compresaibiiities 
with the m d  oompmmibiiitiea in Table 4-12. ., 

Likewim, for metbm+drogen sulfide mixtures, 
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Gos gravity loir =I)' 

Gas gravity (air - I) 
the 0.7 nnd 0..8 ghvi ty  gases corresponding t o  the 
condensate \\yell fluids. 

Effect of Liquid Phase 

I t  was found that certnin natural gases entered the , 
two-phase region during P-V-T studies nnd that the 
compressibility fnctor for the entire mixture was simi- 
lar t o  that for a single phase. To study the use of the 
compressibility factor for density calculations in the 
high-pressure two-phase region, data on a natural g:w- 
natural gasoline mixture were used. The phase dia- 
gram for the mixture is given by Fig. 4-24 and includes 
the regions likely to  be encountered in high-pressure 
gases. The effect of a smnll amount of liquefaction 
on the  over-all density ia of especial interest in meter 
calculations. 

Table 4-14 gives the compnrison between expcri- 
mental and cnlculnted deneitiee for the natural 
natural gasoline mixture. The ca~culntions went 
made aeeuming that  the syatem density d d  be corn 

I Fig. 4-22. Preudonltical properties i 
of noturol gorer (Brown, K d z ,  
ObufdI, and Wen, 1-2) - A 

puted from Eq. (4-2), including the compressibility 
factor. The observed volume percentages of liquid 
were taken from the phase diagram (Fig. 4-24). 
Table 4-14 demonstrates thnt the compressibility- 
fnctor method can be used t o  compute the density of 
n mixture in the single-phnse region nbove the bubble- 
point curve, n short way into the two-phase region 
below the bubble-point curve, and completely through - 
the two-phase region nt high temperatures where n 
sm:dl volume percentngc of liquid is present. The 
region in which thcse calculations mny be made ia 
limited to  TR of 1.05 or higher. 

A study of the methane-butane system also indi- 
cated that the over-all density of a system esisting ns 
a small proportion of liquid and the remainder gas cnn 
be computed at high pressure by nssuming thnt the 
syatem is n single phase. The explnnation of this 
mmarknble behevior lies in the relatively small chnnge 
in pertid mold volume between the vapor and liquid 
phaew at these canditiana Hence, it mattem little . 





Tem.peroture, deg F 
- 

~emperoture, deg F 

Tempemturn, deg F 
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PRLSSUAE ORAOILNT CAP1 LO%- U 

ie &mensionless,* but may be converted to field units. For Reynolds numbem between 2,100 and 4,000, 

D u p  D1V 4dQ X 12 X 29G X 1,000 do\\. is in a11 u~lstuble region, as indicated by the 
Re=-=-= 

r PA p24*ds X 379 X 2.42 
shaded area of Fig. 7-3. ' At Reynolds numbers greater 

w than 4,000, flow is partially turbulent, falling in tho 
= 20.0 - 

r d ( 7 - a )  region of transition; it definitely becomes a function . 
of relative roughness, with viscosity effects becoming 

where Q = gas flow a t  60°F and 14.7 psi81 Mcf/day 1, significant. In  this region of transition (Fig. 7 3 )  
C = gas gravity the / factor is expressed by the empirical equation . 
W = mass flow, Ib mass/hr proposed by Colebrook (7-11). . d 4 . r  

d = diameter of pipe, in. 
i 
I r = viscosity, centipoises 1 D - = 2 log- + 1.14 - 2 log 

i A = flow area, sq f t  d e 
Fluid flow ranges in nature between two extremes, (7-23) 

laminar or streamline flow and turbulent flow (Fig. 
7-3). For Reynolds numbers up to 2,100, flow is Smith and coworkers (7-36, 7-37, 7-38) have shown 
in the laminar region / can be expressed by from carefully esecuted experimental studies that in 

' 

f = 6 4 / ~ ~ ,  which is the equation for the straight line actuality the f factor6 in the region of transition lie . 
in ~ i ~ .  7-3. ~t is to be noted that, in the laminar between those empirically predicted by the Colebrook 

region of flow, the j factor is independent of pipe relationship (7-11) and those predicted by R'ikuradse 

roughness. The stagnant film on the pipe surface (7-28) using pipes artificially roughened with coatings 
the roughneMl of the pipe, and to of uniform sand grains. According to these studies, 

flow is due primarily to the internal r&sbnce to use of the Colebrook expression in the transition 

ehear, that is, the viscosity of the fluid. region will lead to conservative design results. 

' . In dimsnsionleas form For turbulent flow in smooth pipe-that ie, pipe of . 
D (ft) s (ftlsec) p (Ib/cu It) sero roughn-the j factor (Fig. 7-3) over the entire 

Re - 
r llb/(ft)(sea)l range of Reynolds numbera can be e x p d  by the 

r in pun& per foot per oecond - amtipoias X 0.000872 . f d l o h g  rel8ti0nship (7-28): 



. . 
Fig., 7-3. Friction factor for Oow of fluids h' pipe. (Moody, 7-25. Cwrkry ASME.) 

1 Rcy~~olds  ~~umbers.  'Figure 7-4 shows the variation ' .  
- =  2 log (Re df)- 0.80 (7-24) 
d f  of j ns a function of e/D only for completely turbulent ' ,  .. , ' .  - . . 

flow. Gas flow a t  high pressure drops occurs a t  these 
When flow becomes completely t u r b u l e n t t h a t  is, high Reynolds numbers. The f factor in this region of 

beyond the transition region-it is no longer a function flow is completely independent of the physical proper- 
of the Reynold8 number, but becomes a function of ties of the flowing fluid. For fully turbulent flow the ' 

relative roughness e / D  only. This is shown in Fig. j factor is expressed by an equation obtained experi- 

1 7-3, where the j-factor linea are horizontal at high mentally by Nikuradse (7-28). 

no. 7-4. F r i i h  factor. at wmple J y  
. Iurbulw now as hnc(ion of roughneu. 

' e& relotire roughness 
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Figl~rc id is :l plot of rrlnt.i\*c r a ~ ~ g l ~ ~ ~ c s s  c / D  as a 
fu~ictioa of ciinmrtcr D n ~ l t l  nbso1at.c ro\~gl~ncss c for 
variol~s typrs of pipc (7-2'5). Absolt~te rough~~css is 
bcst cvnln:ltcd by 311 no:llysis of cspcrimcntal flow 
d:ltn. Smith nl~d co~vo~.kcrs (7-37, 7-38) l~nvc sum- 
marizcd, fro111 t h i r  own cspcrimca tal tests and from 
data available in the literature, absolute-rough~less 
values for gas-tmnsmission lines, flow strings in gas 

. \\.ells, and esperi~ncntal pipcli~ics (Table 7-1). These 
values are valid for clean stecl pipe. 

For tlirbulent flow in rough pipelines, the presence 
of liquid enough to \vet the pipe wall will increase the 
flow capacity of t,hc pipc. Ilo\vcvcr, for lnminnr flow, 
the prcscllcc of IL liquid fill11 will dccrcasc thc flow 

Pipe diameter, k, O9 

. . 
Table 7-1. Valuer of ~wghness'for Gas Lines 

capacity of the pipeline because the viscosity of the 
liqiid in the surface layer is greater than the viscosity 
of the gas whcn the pipe is dry. 

Smitli (7-38). ...... 
..... S~nitli (7-37).,. 

... C~~llondcr (7-13). 
Smith (7-38). ...... 

PIPELINE-FLOW CALCULATIONS . . 

Gns-trnnamis- 
aion lincs (svg) 

C ~ R  wclla 
Gns \vrlls 
Expcrimcnbl 
pipelines 

Engineering of long-distance transportation of natu- 
ral gas by pipelinc requires a kno\vlcdge of flow for- 
mulas for calculating capacity and pressure require- 
ments. In the early development of the natural gas- 
transmission industry, pressures were low and the 
equations used for design purposes mere simple and 
adequate. However, aa pressures increased in order 
to meet increased capacity demands, equations mere 
developed to meet the new requirements. 

As stated previously, Q. (7-2) is the starting point 
of all fluid-flow relationships involving the evaluation 
of friction losses. In  the case of natural gas trans- 
mission, the initial assumptions usually made in the 
deriktion of any specific flow equation are aa follows: 

1. The kineticenergy change is negligible and can 
be taken aa sero. With thie assumption, Eq. (7-2) 
becomes 

2. The flow is steady-state and isothermal. 
3. The flow is horizontal. 
4. There is no work done by the gas in flow. 

Given these assumptions, Eq. (7-2) reduces to 

Substituting for lw from Eq. (7-21) then leaves 

By making ,various additionnl aseumptions, Eq. . 

(7-28) can be mqie the starting point for the derive-. '. 
no; 7-s Relo% W- -- - rak# w, 7.U. tion ot speci60 A OW equatioiu lor the kursmiaaion d . 

. . .  natural gea : . . 
. . .  . .  . . . . . . . . .  Covrhrr AWE.) . . .  . . .  . , .  . . . . . . . .  . . 

. . . . . . .  
, . .  . . . . . . . . . . . .  , . .. 

. . . . 
. . .  , t . . , . . . . . . . 

. . . . . .  , . . . . . .  . . . . . . . .  . . .  . . . . . .  " . . .  , , 
. 

. :. . . . .  , . .  . , . .  ' . . . . .  , _ , .  . 
. . I .  . . .  . . 

.. , . . 
. . .  . . . . . . . .  

._ . .  
. . . . .  . . .  . . .  . " .  . . .  . . 1  . . . .  . . . . . .  . . .  . . 
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One of the enrliest of such equations waa t h a t  of 
Weymouth (7-42), now modified to include the com- 
pr&ibility factor (7-9). 

. .  . . .. 
. '  where Q = gas sflow measured nt TO and PO, std cu 

.. . 
f t/hr . . 

. '1 L = length of line, miles , . , . . 
. . d P i~lternal .diameter .(ID), in. 

. .. . . P = pressure, psia 
. . .  . C = gas grnvity (nir = 1) 

. . .  
. : T = average line teinpernture, OR , . 

. , . . .  . z, = nverage compressibility factor (in Wey- 
. . . . .  mouth's original equntion i = 1) 

. . .  . ... . ':1.' : .. j = friction factor from Fig: 7-3 or 7-4 
' .  . Weymouth nssumed thht j vnried ae a function . of . 

the diameter in inches as  followvs: 

. . 
I 

I .. Equation (7-29) then results in 

Another equation, the " Panhandle" formula, 
'sumes that j varies aa follows: . . . .' 

I : resulting in 

where Q = gas flow measured at TO and Po, cu ft/day 
d = pipe ID, in. 
E = efficiency factor (0.92 average) 

. . 
' . . L = length of pipe, lliiles 

T = mean flowing temperature, OR 
P = pressure, psia 
6' =' gr:rvity of gas (air = 1) 

The Ford, B n c o ~ ~ ,  and Davis flow formula,for design 
' 

.of pipelines is given by Eq. (7-34). 

where Q = gas flow measured at PO and Th cu ft/dny 
. . . . . : E = line flow efficiency (used na 94 per cent) 

".. :' . M = ment~urcmont-base adjustment factor . .  . . 

Po P. bnse pressure, psio . . . - 
To - bnse temperature, OR . . 

N P. gas-chnrncteristic adjustment factor . . 

. . 
: B = 1/z, or 1+ deviuti011 from Boyle's law a t  

nverngc pressurc 
.G = specific gravity (nir = 1.0) 

.. . '. .. f i  = viscosity, E~iglish absolute unite X .lo@ 
(centipoises X 672) 

T = flowing temperature, OR 
. d = pipe ID, in. 
PI = line input pressure, psia 
PI = line output pressure, psia 
L = length of pipeline, miles 

. Equation (7-34) npplies,for '6- to 24-in. lines; the 
: constant becomes 824 for 30-in. lines. 

In  nddition to the Weymouth, Pnnhandle, and Ford, 
Bncon, and Davis equntions, many others (7-23), such 
as the Cox nnd Pittsburgh, hnve been derived. Hnnna 
and Schomaker (7-20) hnve presented a revised Pan- 
handle formula, employing the AGA compressibility 
factors for nnturnl gas. 

The specific flow equntion of Clinedinst (7-10) takes 
rigorously into consideration the devintion of naturnl 
gas from idelrl behnvior. This equntion is o rigorous 
integrntion of Eq. (7-28). The only assumptions, are 
those made in nrriving a t  Eq. (7-28). 

where Q = volumetric flow rate, Mcf/day 
P, = pseudocriticnl pressure, psia , ,, , . +  

D = pipe ID, f t  
L = length of pipe, f t  
T = flowing temperature, OR 
G = gas gravity , 
zo = compressibility fnctor a t  TI and PO, no& 

m:~lly accepted ns 1.0 
P, = pseudorcduced pressure 

Values of the integral fu~lctions 

are obtained from Table A-6. 
The use of the Clinedinst equation is perhaps best 

explnined by means of a lrumerical example. 

Ylurtratire Problem 

A pipeline 100 miles long has an inkreal diameter of 13.376 in. 
The inlet pressure b 1,3CKl psis md the pressure a t  the end of 
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- . , . ' tho line is 300 pain. The tcmpemt"& qf the Boning gas 'b : 
40eF, and ib con~position is M follom: . . 

. . . .  

, - . Calculate the volumetric flow rate mAured at 14.65 psis and 
. . 

. . 60°F. 

. . Solution 

Calculation of peudocritical and reduced conditione: 

Methane. . 0.76 16 12.0 673 605 343 
Ethane .... 0.21 30 6.2 708 148 650 
Propang... 0.04 44 1.7 6 1 7 L  666 

19.9 

Gmp 

. . :  nent 

. . .  
The integral terms, ss read from Table A-6, are 

Using a roughness of 0.0006 in., e /D - 0.00004b, the f fsetar ,. 

M obtained from Fig. 7-4 is 

filole 
frac- 
tion 

' . ,  ' for completely turbulent flow conditio~. Then,from a. 
0 - 3,973.0 X 1.000 X 520 X 678 

14.65 

. . - 140,000 Mcf/day at 14.65 psis and 60°F 

blolecu- 
1.r 

weight 

In actual practice, transmission lines often deviate 
, , .considerably from the horizontal. Given all the  

' . previous assumptions with the exception of horizontal 
' . flow, Eq. 17-2) reduces' to 

This equntion is the starting point for any flow cnlcu- 
lntions that take into consideration differences in 
elevation. 

One such equation wne that developed by Fergueon 
(7-16), to which ha8 been added a term correcting for' 
the &mp&bility of (be g;ea 

Lb/mole 

where e = 2.7183 
d = pipe ID, in. 
Q = grrs flow, std cu ft/hr, mcnaured at To andP, 
P = prcssurc, psin 
C = gas grrrvity 
T. = average linc t,empcrature, OR 
z. = average compressibility factor 
S = 0.0375GX/T,za 
X = change in elevation, f t  (X is positive if olt t .  ~ . . .  

let is higher than inlet) 
.. L, = effective length of pipeline, miles 

The effective length L. of the pipeline is b e d  upon 
the profile of the line between pressun+measuring 
stations. If the slope is uniform 

where J = (e8 - l)/S. 
If the slope is not uniform, the profile should be . 

divided into sections of nearly uniform slope; the 
effective length is then calculated ae followa: 

L. = LIJI + L&Js  + Lfi8J,  + . + Llesm-J- 
(7-39) 

2' 

. . .  where J1, J*, J, ,  J, are calculated for the in- 
crease or decrease in elevation in L1, L2, La, and so 
forth, and esl, es*, eS1, . . .  es--8 are calculated for the 
rise or drop from the inlet of the line to the end of 
sections LI, L,, La, . . .  L.-,, respectively. 

As the demand for gas changes and as old trans- 
mission systems are extended and paralleled in order .I 

to increase line capacity, a knowledge of the relation- 
ships involved in the solution of complex pipeline 
problems becomes necessnry. Johnson and Berwald, 
in Bureau of Mines monogrnph 6 (7-23), were the 
first to develop these relntionships, using as  a basis the 
Weymouth equation in which the j factor wns ex- 
pressed as a power function of the internal dinmeter of 
the pipe. Recently Smith and coworkers (7-38) . 
derived these relationships, but \vithout espressing 
the / factor in terms of nny of its variables. 

The philosophy involved in deriving the special re- 
lationships used in the solution of complex transmis- 
sion systema is to express the vnriou~ lengths and 
diameters of the pipe in the system as equivalent 
lengths of a common diameter or equivnlent dinmetere 
of a common length. 

Where the flow of gns, pressure differential, tern- 
pernture, gna gmvity, and compressibility nre the same 
for two diflerent pipea, the relntionmhip ol diamefers 
and pipe lengths is expremed' am Idlowe: 

Pda Tc, 
.R OR 
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